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1. INTRODUCTION

This report presents the findings of and summarizes
the research activity for the 12-month interval 1 July 1974
through 30 June 1975. During that time principal effort was
devoted to gathering and analyzing body- (mb) and surface-
wave (Mg) magnitudes for small and intermediate magnitude
events 1n and near Eurasia, in order to seel out shallow
depth earthguakes which appear anomalous according to the
Mp: Mg criterion. 1In the next phase of the study we shall
concentrate on seeking explanations as to why certain earth-
quakes are anomalous according to that criterion, and, if
possible, in developing a methodology to predict where such
anomalous earthquakes will o=zcur.

The procedures used in determining mp and Mg values are
standard ones. However, inasmuch as there are slight d4if-
ferer.ces among investigators in applying the standard pro-
cedures, a brief description of our methods will be glven.

The mp values are determined by use of the Gutenberg-
Richter (1956) equation

mp = log (A/T) + Q(h,b ) (1)

wnere (A/T) 1s taken as one-half the maxlmum peak-to-peak
motion (in microns/second) in the first three cycles of the
vertical component of the P-wave ground motion in the perlod
range of 0.7 to 1.3 seconds. As a further restriction we
determine mp values only from stations at teleselsmic dis-
tances, J.e. greater than or equal to 259, because at lesser
distances the lateral variations in upper mantle atructure
make the function Q dependent on geographical region.

The Mg values are determined by use of the IASPEI
formula (Bath, 1969)

o
Mg = 3.30 + 1.66 log & + log (A/T) rfor 25 <O < 140° (2)

and the Nuttli-Kim (1975) formula 1

Mg = 4.16 + 1.07 log & + log (A/T) for 10° < AL 25%  (3) 1
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wnere (A/T) is taken as one-half the maximum peak-to-peak
motion (in microns/second) of the vertical component of the
Rayleigh-wave ground motion in the period range of 17 to

25 seconds. The quantity A 1is the epicentral distance,
measured in degrees.

The mp value 1s a measure of the ground-motion spectrum
at a period of 1 second and the Mg value a measure of the
ground-motion spectrum at a period of 20 seconds. From this
it follows that surface-wave magnitude formulas that pretend
to measure Mg by making use of shorter period surface waves
(e.z. the formulas of Karnik et al, 1962; Evernden et al,
1971; Basham, 1971; Nuttli, 1973) cannst be valid over the
entire range of magnitudes because the shorter period motion
does rot scale the same as the 20-second period motion over
the entire range of magnitudes (see, e.g., Aki, 1967,1972;
Duda and Nuttli, 1974).

2. THE DATA

Table 1 gives the hypocentral coordinates and geographi-
cal locatlon of the 155 earthquakes and 4 underground explo-
sicns that are the subject of this report. All occurred in or
near Eurasia during the interval 1 January 1972 through 30
June 1972, and all were found to be of shallow depth by the
NZIC (National Earthquake Information Center). Independent
depth estimates made by the ISC (International Seismological
Centre) are also given in Table 1.

Table 2 gives the mp and Mg values of the events studied.
Standard deviations of the mean of the mp and Mg values de-
termined by us are also included. The symbol Mg refers
to surface-wave magnitude determined from the vefggcal compo-
nent of the Raylelgh-wave motion, and the symbol Mg, to
surface-wave magnitude determined from the Love-wave motion.
Because for underground explosions Mg 1 i1s one or more units
less than M RZ» Whereas for earthquaﬁes they are of about
the same valle, the M L: Mg Rz value is another useful dis-
criminsnt between ear%hquaﬁés and explosions. The Mg ; values
Ziven in this report were determined from the data of  hRorizon-
tal-component instruments that were transverse (within 20°)
to the ray path at the seismograph station.

3. INTERPRETATION OF THE DATA
3.1. mp estimates

Table 2 contains 3 independent estimates of the mp value
of each event. The NEIC and ISC esiimates are based on ampli-
tude data sent by individual seismograph stations to a central

agency. Our estimates, on the other hand, are based on ampli-
tudes read by us from fllm coples of WWSSN selcmograms for a
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selected numder of stations. In general the number of sta-
tlons employed by us to estimate mp 1s less than that used
by NEIC and ISC, because we used only a celected group of
stations and because we do not use amplitude gata from sta-
tions at epicentral distances of less than 9 .

To compare the 3 sets of m, estimates with each other,
we first found the difference between the NEIC values (arbi-
trarily taken as standard) and the ISC and our values. Fig.
1 shows histograms for the absolute vaiue of thesa magnitude
differences, broken down into 3 magnitude ranges. For the
ranges 4.1 < my < 4.5 and 4.6 < my < 5.0 approximately 50%
of the deviations are no greater than 0.1 unit, and for
5.1 £ myp < 5.5 approximately 60% of the deviations are no
greater vhan 0.1 unit. Therefore, on the average, differences
in the 3 sets of m, values are not large cnough to affect the
values used 1in the my:Mq criterion. There are exceptions,
however. As can be seen in Fig. 1, the absolute deviations
were as large as 1.2 units. 1In particular, for earthquakes
in Italy, Yugoslavia and the Greenland Sea the NEIC values
in some cases were 0.9 or more units larger than the ISC or
our values. We have found that in general the NEIC tends to
overestimate mp values in Central Europe.

3.2. Standard deviation of m, and Mg estimates

Fig. 2 presents histograms showing the standard devia-
tion of our mp and Mg values. The figure shows that the
ma jority of the values of the standard deviation of my, fall

in the range ¢f 0.3 to 0.4 units; the corresponding value for
Ms 1s 0.3 units.

3.8 Plots ©f mp: Mg data

Pilgs. 3, 4 and 5 present the mp: Mg values. For Fig. 3
tne mp values are those of the NEIC, for Fig. 4 thcse of the
ISC and for Fig. 5 the mp values are ours. In all cases the

M3y values are ours, inasmuch as the ISC gave no Mg values and
the NEIC gave them for only a few earthquakes.

The solid-line curve 1n Figs. 3, 4 and 5 1is the mp: Ms
curve for Nevada Test Site explosions == given by Evernden
et al (1971) when they used the amplitude of 20-second
period Rayleigh waves to determine Mg. This curve was shown
to satisfy the data for Soviet underground explosions which

took place from 1 August 1971 through 31 December 1971 (Nutti1i
and Kim, 1975).

The dotted 1line in Figs. 3, 4 and 5 1s the 5% earthquake
line of Marshall and Basham (1972). That is, Marshall and
Basham found that 95% of the earthquakes they studied had
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Mp: Mg vazlues that fell to the right of the dotted line.

The dashed line in Figs. 3, 4 and 5 1s displaced 0.46
units to the right and below the solid-line curve, as
measured perpendicular to the solid-line curve. The number
0.46 was arrived at by taking the vector resultant of the
average of the mp and Mg standard deviations, whose values 2
were ziven in section 3.2.

Using the NEIC my, values and our Mc values, the follow- v
ing earthquakes fall Eo the left of both Marshall and Basham's
(1972) and our curve: 1, 16, 22, 31, 54, 62, 78, 79, 86, 91,
101, 106, 111, 116; 120, 123, 131, 133, 134, 135, 137, 146,

148, 156, 157, 158. In addition, events 45, 102, 117, 130, 136
fall to the left of Marshall and Basham's curve and events 21,
36, 43, 76, 77, 107, 110, 145 fall tc the left of our curve.
Using the ISC mp values and our Mg values, events 11, 31, 54,
79, 103, 111, 123, 135, 146 fall to the left of both curves,
events 1, 45, 91, 130 to the left of the Marshall and Basham
curve a.ud events 21, 43, 106, 129, 145 to the left of our curve.
Using our mp and Mg values, events 37, 103, 145, 146 rfall to
the left of both curves, event 45 to the left of the Marshall
and Basham curve and events 43, 55, 73, 13>. 148 to the left

of our curve.

From the above, as well as from Figs. 3, 4 and 5, we can
conclude that the NEIC mp values tend to be larger than the
ISC or our mp values and thus give rise to the largest number
of apparently anomalous earthquakes. This is not too sur-
prising, for the NEIC is the first organization ° 3 publish
hypocentral and magnitude data. Thus the only stations that
send amplitude data to NEIC are those with relatively strong
P arrivals. The ISC and our determinations, on the other hand,
are made after an approximate hypocenter 1is available, so that
we know the time when the P wave is expected; thus we will
read P-wave amplitudes at stations where the arrival is not
necessarily strong.

gy

3.4. Anomalous earthquakes

Table 3 glves the location of all the earthquakes found
To be anomalous by elther the Marshall and Basham (1972) or our
criterion(less than one standard deviation from the explosion
4 curve) and for any of the NEIf, ISC or our m, values. The
table shows that most, hut not all, of the anomalous earth- 3
quakes occur in the interior of Eurasia. The most frequently
3 appearing anomalous source regions in Asia are in Szechwan
. and Sinklang provinces of China, Tadzhikistan, Pakistan and
Tibet.
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Love-wave magnitudes can be used to reduce the numLer }
of anomalous events by making use of tr= observation that for |
underground explosions MS,L 1s observed to be 1 or more units '
smaller than MS,RZ’ whereas for earthquakes they both have
approxlmatel)” the same value. Therefore, conservatively, it
can be concluded that any event for which Mg 1, 1s greater than
or equal to MS,RZ - 0.5 must bhe an earthquaﬁé. BY this eri-
terion events number 1, 11, 16, 22, 31, 37, 45, 62, 101,102,

: 103, 106, 197, 11L, k16, 1LY, 230, ie3, 131, 133, 134, 135,
. 136, 146, 156, 157 can be definitely identified as earthquakes,
. even though their mb:MS,RZ values are anomalous.

When both the my:Mg gy and Me L' Mg gy criteria are em-
ployed, the list of anomé?ous ear%hquaﬁés is reduced to events
no. 22, 36, 43, 54, 55, 73, 716, 77, 78, 79, 86, 91, 110, 129,
130, 137, 48, 148, 158. of these, events 22, 36, 76, Ths TS,
66, 110, 137, 158 are anomalous only 1f the NEIC my value 1is
used.

4. AFTERSHOCK SEQUENCES

Previously it was noted that the majority of anomalous |
earthquakes were found to occur within Eurasia, rather than on
1ts oceanic boundaries. It can be seen from Figs. 3, 4 and 5
then in general the earthquakes in the interior tend to lie 1in
the more explosion-like part of the m ‘Mg plot. Fig. 6 is an
exanple of an aftershock sequence 1in Ezechwan province of
China which shows earthquakes that are anomalous or near-
anomalous by the mp:Mg criterion.

In Flg. 6 the earthquakes of 16 August (1) and 03 Septem-
ver fall on the explosion side of the Marshall-Basham and our
curve. Although the remaining earrchquakes are on the earth-

Guaxe slde of the curves, they lie relatively close to the
curves.,

It is of some interest to determine if the position of
the plotted points 1in Fig. 6 1s controlled by the radiation
of earthquake energy or rather by errors in reading the wave
amplitudes, pecause of contamination by noise. In an atiempt
to investigate this problem, we have looked at both the time
history and the spectra of earthquakes no. 1, 2 and 3 of 1€
August, to determine if no. 1 belongs on the explosion side
of the curves and nos. 2 and 3 on the earthquake side.

Flgs. 7 and 8 show the vertical-component Rayleigh-wave
spectira lor stations COL (College, Alaska) and AQU (Aquila,
Italg), respectively. The epicentral distance to COL is
71.6% and to AQU 1s 71.4% 50 that they are almost at the same
distance from the epicenter. Their ray paths are entirely
different, however; the back azimuth to COL 1is 299° and
to AQU 1s ©5°. 4An inspection of Figs. 7 and 8 will show

v




tnat the minimum (or hole) in the spectra occurs at the

same period, approximately 40 seconds, for all 3 earthquakes,
indicating that each of the earthquakes had the same focal
depth. Also, we can see that the spectral level of earth-
quake 2 is the largest, followed by 1 and then 3. This
agrees qualitatively with the Mg values of the three earth-
quakes.

Figs. 9 and 10 show the vertical-component Rayleigh- .
wave selsmograms for COL and AQU, respectively. From these
figures also it can be seen that the largest Rayleigh waves
correspond to earthquake 2, and the smallest to earthquake 3.

Flgs. 11 and 12 contain the spectra of the vertical
component of the P-wave motion, as obtained from the long
perlod seismograms. Because of the dynamic response of the
seismograph system, tne spectra obtained from these instru-
ments are only valld down to a2 period of about 2 seconds.
Because a time window of 20 seconds was used, these spectra
are only valid up to a period of about 10 seconds. The
spectra are fitted by two straight-lline segments between 2
and 10 seconds, a horizontal line for the longer period part
and one which has a slope of -2 for the shorter period part.
The period at which the two lines intersect is called the
corner period.

From Flgs. 11 and 12 we can see that the amplitude level
of the T~< curve at l-second period 1s greatest for earthquake
no. 1, next for no. 3 and least for no. 2. From the mp values
shown 1n Fig. 6 one would expect earthquake no. 1 ©O nave the
iargest spectral amplitude at a period of 1 second, and no. 2
to nave a slightly larger value than no. 3.

Figs. 15 and 14 show the vertical-component short-period
P-wave seismograms for COL and AQU, respectively. In Fig. 12
the largest P wave occurs for earthquake no. 1, then 2 and
finally 3, as expected from the mp values of the 3 earthquakes.
However, the P-wave amplitudes at AQU are almost the same for
all 3 earthquakes.

Referring back to Flgs. 11 and 12, we can see that the
corner period at COL and AQU for earthquake no. 2 is about
6 seconds, whereas for no. 1 and 3 it is about 3.5 s2conds.

Tne longer corner period for no. 2 would indicate a lesser >

stress drop for it and conseauently a higher long period spec-
tral level, or a higher Mg value, as observed.

In summary, the 3 earthquakes had aboutl the same focal
depth and the same epicenter, so the differences in their

S S —




i i i

fracteristics cannot be related to their location in the
sour.ce region. 1In ygeneral, the differences in their my: Mg
Values are reflected poth in the time histories of the
snort and long period, vertical-component motions, and also
in the spectra of the long period P and Rayleigh waves., It
appears that earthquakes in an aftershock sequence which
have about the same magnitude can have spectra with differ-
ent corner periods, probably a result of difference in the
stress drops. This can lead to different my: Mg values for
earthquakes of about the same "size."

Flgure 15 shows my:Mg values for the main shock and
at'tershocks of a sequence in south Sinklang province, China.
The main shock, earthquake no. 1 of 15 January, falls
slightly on the earthquake side of the curves. Some of the
later aftershocks have mp: Mg values lying =ven closer to the
curves. In general there is a tendency for the later after-
shocks to move closer to the curves, or to cross over to the
explosion side of them. The same phenomenon can be seen in
Fig. 16, which is for an aftershock sequence that occurred
off the east coast of Honshu Island, Japan. PFor that sequence,
however, none of the aftershocks had mp: Mg values that put
tnem on the explosion side of the curve.

A phenomenon similar to that shown by Figs. 6, 15 and
16, 1.8. a tendency for aftershocks to migrate to the more
explosion-like part of the mp: Mg plot, appears in data pre-
sented by Landers (1972) for an aftershock series in Tibet
1a 1366, and in data presented by Tsal and Patton (1973) for
the San Fernando, California sequence of 1971. The signi-
ficance of thelir observations with regard to nuclear ex-
plosion discrimination problems did not appear to bé recog-
nized by these authors, or at least not given much emphasis.

The use of af'tershocks to conceal an explosion has been
Suggested as one way to evade detection of %he explosion,
Our findings that the later earthquakes in an aftershock se-
quence can have near explosion-like mp: Mg values, at least
for certain earthquake sequences, makes this evasion tech-
nique look even more promising.

It should bec emphasized that we are not stating that
all aftershock sequences show a progression from more earth-
quake-llke to more explosion-like events. Iut some do behave
tnls way, as shown in the cxamples given above.,
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5. CONCLUSIONS

From a study of 155 shallow depth earthquakes and 4
underground explosions ir and near Eurasia we found that
approximately 25% of the earthquakes are anomalous by the

MM criterion if the NEIC my, values are used. This number
1s reduced to 12% if the ISC mp vaiues are used and to 6%
if our myp values are used. 1In general the NEIC has larger
mp values, particularly for events in Central Europe,

By using both the mp: Mg and MS,RZ‘MS,L criteria the
percentage of anomalous earthquakes’is reduced to 12% 1f
the NEIC mp values are used, 5% if the ISC mp values are
used, and 3% if cur mp values are used. These percentages
might be further reduced 1f the Lo/e-wave motion were ob-
talned by digitizing the horizontal-component seismograms
at each station and by rotatling coorcinates so as tc have
one horlizontal component perpendicular to the great-circle
path and the other along it. We intend to do this in future
studlies of some of the anomalous earthquakes. Por the pres-
ént, however, we determined Mg [ only from stations for which
the great-circle path was within 20° of the N-S or E-W direc-
tions.

Using both the mp: Mg and Mg Rz'Mg p criteria and either
the mp values of the ISC or thosé éound by us, the anomalous
Eurasian earthquakes for 1 January 1972 through 30 June 1972
are: no. 21 (Central Italy), 43 (Tibet), 54 (Yugoslavia),

55 (S. Sinkiang), 91 (N. Sinkiang), 129 (Greece-Bulgaria),
150 (E. Honshu% and 145 (Casplan Sea). This is about 6% of
the total number of events considered.

£ study of the mp: Mg values 1n aftersho:k sequences in-
dicated that for some seqQuences there is a progression in
time from a more earthquake-1like main shock to more expiosion-
like aftershocks. This is not necessarily true of all after-
shock sequences, but for those in which it doez occcur it would
terd to aid in evading detection of an explosion set oif in
the later part of such a sequence.
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Figure 7a. Vertical-component Rayleigh-wave
spectrum for earthquake 1 of 16 August 1971
as recorded at College, Alaska,
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Figure Tb. Vertical-component Rayleigh-wave

spectrum for earthquake 2 of 16 August 1971
as recorded at College, Alaska.
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Figure Tc. Vertical-component Rayleigh-wavc
spectrum for earthquake 3 of 16 August 1971
as recorded at College, Alaska.
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Pigure Ba. Vertical-component Rayleigh-wave
spectrum for earthquake 1 of 16 August 1971
as recorded at Aquila, Italy.
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Figure 8b. Vertical-component Rayleigh-wave
spectrum for earthquake 2 of 16 August 1971
as recorded at Aquila, Italy.
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Vertical-component Rayleigh-wave
spectrum for earthquake 3 of 16 August 1971
as recorded at Aquila, Italy.
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Figure lla. Spectrum of vertical component of
P-wave motion from long-perlod seismogram for
earthquake 1 of 16 August 1971, as recorded
at College, Alaska.
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Pigure 11b. Spectrum of vertical component of
P-wave motion from long-pericd seismogram for
earthquake 2 of 16 August 1971, as recorded
at College, Alaska.
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Figure 1lc. Spectrum of vertical component of
P-wave motion from long-period seismogram for |
earthquake 3 of 16 August 1971, as recorded
at College, Alaska.
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Pigure 12a. Spectrum of vertical component of
P-wave motion from long-period seismogram for
earthquake 1 of 16 August 1971, as recorded
at Aqulla, Italy.
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Flgure 12b. Spectrum of vertical component of
P-wave motion from long-period seismogram for
earthquake 2 of 16 August 1971, as recorded
at Aqulla, Italy.
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Pigure 12c. Spectrum of vertical component of
[ P-wave motion from long-period seismogram for
earthquake 3 of 16 August 1971, as recorded
at Aquila, Italy.
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Figure 13, Verticai-component P waves for earth-
quakes of 16 August 1971 as recorded by short-
period seismographs at College, Alaska.
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Figure 14. Vertical-component P waves for earth-
quakes of 16 August 1971 as recorded by short-
period seismographs at Aquila, Italy.
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